Myeloperoxidase (MPO) is expressed in
INTRODUCTION
Mounting evidence points to oxidative damage as an early event in Alzheimer's disease (AD) (1) (2) (3) (4) . Autopsy tissues from patients with mild cognitive impairment (MCI) or early stage AD show higher levels of lipid peroxidation (5) , along with oxidized proteins (6) and nucleic acids (4) . Late stage AD is also marked by increased lipid and protein oxidation (7) (8) (9) . The highly polyunsaturated lipids in brain tissue are susceptible to oxidative damage due to a high level of oxygen consumption and the postmitotic state of neurons. However, specific mechanisms of lipid peroxidation in AD brain have not been definitively identified (reviewed in (10) ). Among candidate sources of free radicals and other reactive oxidants in AD brain are mitochondria (11) , amyloid beta (Aβ) peptides (12) , iron (13) , and myeloperoxidase (MPO) (14) . MPO is an oxidant-generating enzyme that is not present in normal aged brain yet is abundant in amyloid-β plaques in AD brain (14, 15) . MPO reacts with H 2 O 2 to oxidize chloride, producing the potent oxidant, hypochlorous acid (HOCl). MPO also oxidizes nitrate and tyrosine to produce nitrogen dioxide (NO2•) and tyrosyl radicals that cause lipid peroxidation (16) (17) (18) . Therefore, we hypothesized that MPO-generated radicals may generate lipid peroxides in AD brain, contributing to neuronal dysfunction and memory loss.
To study the effects of MPO in AD, we turned to mouse models, such as APP23, that overexpresses the human APP751 transgene, developing amyloid plaques (19) . However, early findings showed that the mouse MPO gene was not expressed in APP23 brain, in contrast to human MPO expression in AD. One possible reason for the aberrant expression of human MPO in AD brain lesions may be the insertion of a primate specific Alu element in the upstream promoter. This Alu element encodes several response elements recognized by members of the nuclear receptor superfamily of ligand-dependent transcription factors, including PPARγ/α, LXR, and estrogen receptor (ER), as well as SP1 (20) (21) (22) . The functional -463 G/A promoter polymorphism is in the first of four hexamer response elements in the Alu (20, 23) . The -463G site enhances SP1 binding (20) while the -463A site enhances ER binding 2 (22) . The -463A allele is linked to lower MPO gene expression (22) . In a number of case-control association studies, the -463G/A polymorphism has been linked to risk for chronic inflammatory states including AD or cognitive decline (14, (24) (25) (26) (27) (28) , atherosclerosis (29) (30) (31) , as well as some cancers (32) (33) (34) (35) .
In order to study the effects of human type MPO expression in murine disease models, we created human MPO transgenic mice in which the intact gene was driven by extensive native human promoter elements (36) . In an earlier study, we crossed the huMPO transgenic mice to the LDL receptor deficient model (LDLR-/-) of atherosclerosis. The human MPO transgene was expressed in foam cell macrophages in atherosclerosis lesions (36) , leading to increased atherosclerosis, along with hypercholesterolemia, hypertriglyceridemia, and obesity (36) , and increased protein oxidation in lesions (37) .
In the present study, we crossed the huMPO transgenic mice to the APP23 model. Findings show that the human MPO -463G allele is strongly expressed in astrocytes and MPO protein is deposited in plaques, leading to increased lipid peroxidation and greater spatial memory impairment. These findings suggest that aberrant expression of human MPO in astrocytes promotes oxidative damage, contributing to neuronal dysfunction.
EXPERIMENTAL PROCEDURES
Animals-The APP23 transgenic mice express the human familial AD mutant APP751 isoform with the Swedish double mutation (APPK670N, M671L) under control of the neuron specific mouse Thy1.2 expression cassette (19) . The APP23 mice used in this study were hemizygous for the APP751 transgene and had been backcrossed to C57Bl6/J mice for more than 10 generations. The MPOG and MPOA mice were created on the C57Bl6/J background. Comparisons between MPOG-APP23 and APP23 mice in water maze studies were carried out with littermates.
Transgenic mice carrying the human -463G and A alleles have been previously described (21, 22, 36, 38, 39) . The mice were generated by microinjection of a 32-kb BST11071 restriction fragment into C57BL6/J eggs (22) . Both transgenes produce functional MPO enzyme, and the cDNA sequences are identical (36) . The care of the mice, and all procedures in this study, were approved by the SKCC Institutional Animal Care and Usage Committee and complied with the National Institutes of Health animal care guidelines. Immunohistochemistry-Mouse brain tissue was fixed overnight in 4% paraformaldehyde in phosphate buffered saline (PBS). Free floating sagittal or coronal sections, obtained with a Leica VT1000S vibrating microtome, were incubated with 10% hydrogen peroxide in PBS for 10 min, blocked with 10% goat normal serum for 12 h, and incubated overnight at 4°C with the following primary antibodies: polyclonal to human MPO (BioDesign, Int. K50891R, Lee Biosciences RPX-80A, Dako A0398, 1:1000), rat monoclonal to GFAP (Calbiochem, 1:1000), mouse monoclonal to Aβ,  (Signet 4G8 or 6E10, 1:1000), or rabbit polyclonal antibodies generated against mouse MPO (1:1000). Primary antibodies were detected with biotinylated secondary antibodies, and avidinconjugated horseradish peroxidase (Vectastain ABC kit, Vector Laboratories, Burlingame, CA) and detected with peroxidase chromogen (SG, or 3-amino-9-ethylcarbazole, Vector Laboratories). Confocal images were obtained with fluorescentlabeled secondary antibodies (Molecular Probes, Alexafluor 488 or 564). All incubations were carried out in PBS containing 250 mM NaCl and Tween-20 (0.1%).
Tissues-
In situ hybridization-In situ hybridization on mouse brain sections was carried out with digoxigenin-labeled MPO RNA antisense probes (Allele Biotechnology, San Diego, CA) and detected with anti-digoxigenin antibodies coupled to alkaline phosphatase (Roche Applied Biosystems) and detected with the NBT-BCIP color substrate.
3
HNE-Elisa To measure levels of HNE in mouse cortical extracts, we used the 4-HNE-histidine ELISA kits from Cell Biolabs according to the protocol supplied with the kit. Protein levels were normalized with the BCA-protein reagent (Pierce).
Oxidative lipidomics-Lipid extraction and 2D-HPTLC analysis:
Total lipids were extracted from mouse brain using the Folch procedure (40). Lipid extracts were separated and analyzed by twodimensional high performance thin layer chromatography (2D-HPTLC) (41) . The phospholipid classes in the extracts were separated by 2D-HPTLC on silica G plates (5x5 cm, Whatman). The plates were first developed with a solvent system consisting of chloroform:methanol:28% ammonium hydroxide (65:25:5 v/v). After the plate was dried with a forced N 2 blower to remove the solvent, it was developed in the second dimension with a solvent system consisting of chloroform:acetone:methanol:glacial acetic acid:water (50:20:10:10:5 v/v). The phospholipids were visualized by exposure to iodine vapors and identified by comparison with authentic phospholipid standards. Lipid phosphorus was determined by a micro-method (42) .
Mass spectra of phospholipids were analyzed by direct infusion into a linear ion trap mass spectrometer LXQ (Termo Electron, San Jose, CA). Samples after 2D-HPTLC separation were collected, evaporated under N 2 , re-suspended in chloroform:methanol 1:2 v/v (20 pmol/µl) and directly used for acquisition of negative-ion ESI mass spectra using a flow rate of 5 µl/min. The electrospray probe was operated at a voltage differential of 5.0 kV in the negative ion mode. Source temperature was maintained at 70 or 150 o C. MS n analysis on ion trap instrument was carried out with relative collision energy ranged from 20-40% and with activation q value at 0.25 for CID and q value at 0.7 for pulsed-Q dissociation (PQD) technique. PS molecular species were quantitated by comparing the peak intensities with that of an internal standard (PS17:0/17:0). Isotopic corrections were performed by entering the chemical composition of each species into the Qual browser of Xcalibur (operating system) and using the simulation of the isotopic distribution to make adjustments for the major peaks. Chemical structures of lipid molecular species were confirmed by comparing with the fragmentation patterns presented in Lipid Map Data Base (www.lipidmaps.org).
Total contents of lipid hydroperoxides in major classes of phospholipids were estimated by fluorescence high-performance liquid chromatography (HPLC) of products formed in microperoxidase 11 (MP-11) catalyzed reaction with a fluorogenic substrate, Amplex Red (43) . The phospholipid spots on the silica plates were visualized by spraying the plates with deionized water. After this, the spots were scraped and phospholipids were extracted by choloroform:methanol:water (20:10:2 v/v). Extracted phospholipids were divided into aliquots for phosphorus measurements and HPLC analysis.
Morris water maze-The Morris water maze (MWM) (44) was performed in a white circular pool (120 cm diameter) with smooth vertical sides, filled with water at 22°C, made opaque with nontoxic white paint. Spatial cues were located on the walls of the room. The escape platform (10 cm diameter) was 1 cm beneath the surface of the water, and midway between the side and center of the pool. The mice were tracked by a camera fixed to the ceiling for digital recordings of the trials that were analyzed by EthoVision software (Noldus Information Technology, Leesburg, VA). Mice were introduced at one of four positions in semirandom order, excluding the platform quadrant, and the time required to find the hidden platform was determined. Mice were allowed 60 seconds to find the escape platform and remained on the platform for 20 s. If a mouse failed to find the platform in 60 seconds, it was placed on the platform for 20 s. Each mouse had four trials per day, separated by 15 minutes, and the trials continued for 7 to 8 consecutive days. For each experimental group, the time required to find the escape platform for the four trials on each day were averaged to provide mean escape latency. EthoVision software was also used to calculate the percent time spent in the target quadrant.
Statistical analysis-Student's t-test or analysis of variance (ANOVA with Fisher's PLSD) was used to determine statistical significance using Statview software (SAS Institute Inc. Cary, NC). All data are presented as mean ±SEM. A P-value of < 0.05 was considered significant.
RESULTS

Human MPO is expressed in Alzheimer's disease, but mouse MPO is not expressed in the APP23
model. MPO is virtually absent from normal aged human brain parenchyma (Fig. 1a) , yet is present at 4 high levels in some amyloid plaques in Alzheimer's disease (Fig.1b) (14) . This finding indicated that certain conditions in AD brain allow aberrant MPO gene expression, raising the possibility that MPOgenerated oxidants contribute to AD pathology.
These observations led us to investigate whether the mouse MPO gene was similarly expressed in brain tissue in mouse models of AD that overexpress the human amyloid precursor protein (APP). We examined the APP23 model which expresses the human APP751 cDNA encoding the Swedish double mutations (APPK670N, M671L) linked to familial early onset AD, and driven by the neuron-specific Thy-1 promoter (19) .
Aged APP23 mice develop abundant amyloid plaques in the cortex and hippocampus as detected by immunostaining for Aβ (Fig. 1e ), but mouse MPO was not detected in these plaques or associated cells (Fig.1c) using an antibody that detected the protein in bone marrow myeloid precursors (Fig. 1d) . As confirmation of this finding, examination of brain sections from another huAPP overexpressing model, Tg2576, also showed a lack of mouse MPO protein (data not shown). In addition, MPO was not detected in brain from aged wildtype C57Bl6 mice (supplemental figure S1A ). These observations demonstrate that the mouse MPO gene is not expressed in mouse models of AD, in contrast to human MPO expression in AD tissue
The human MPO -463G allele is strongly expressed in APP23 brain. The detection of MPO in human AD tissue, but not in APP23 brain, indicate differences between human and mouse MPO promoter elements. Earlier studies suggested this differential expression may be due to the Alu element inserted in the human MPO upstream promoter (20, 22, 23) . To examine this possibility, we utilized human MPO transgenic mouse models that carry the intact native human MPO gene with extensive upstream and downstream flanking regions. Independent transgenic lines were generated carrying either the -463G or A allele (MPOG and MPOA). Both transgenes were shown previously to be expressed appropriately and selectively in bone marrow precursors and subsets of reactive macrophages (36) .
The huMPO transgenic mice were crossed to the APP23 model to yield double transgenics, MPOG-APP23 and MPOA-APP23. Immunohistochemical analysis of sections from two-year-old MPOG-APP23 mice revealed abundant amyloid plaques in hippocampus and cortex ( Fig. 1g ) with dense MPO deposition in plaques in the cortex, especially the frontal cortex (Fig. 1f) . MPO was also detected in ramified cells in the cortex and striatum. These findings demonstrated that the human MPOG gene is induced in APP23 brain, unlike the mouse MPO gene.
The human MPO -463A allele is not expressed in APP23 brain. In the MPOA-APP23 cross, amyloid plaques were abundant throughout the cortex and hippocampus (Fig. 1i ), but human MPO was not detected (Fig. 1h) . This indicated that the -463A site or other sequence difference prevented MPOA allele expression in APP23 brain. As confirmation that the MPOA transgene is indeed functional, human MPO was detected in bone marrow myeloid precursors from MPOA-APP23 and MPOG-APP23 mice (bone marrow, Fig. 1 ). Moreover, prior studies detected human MPO in bone marrow cells from MPOG and MPOA transgenics crossed onto the mouse MPO knockout strain to eliminate potential signal from the mouse gene (36) . In addition, huMPO was previously detected in macrophages in atherosclerotic lesions in both the MPOG-LDLR-/-and MPOA-LDLR-/-crosses (36) . These findings indicate that the -463G/A polymorphism or other sequence difference results in selective expression of the human MPO-G allele in APP23 brain.
MPO colocalizes with Aβ in plaques in human AD and transgenic APP23 brain. Confocal fluorescence microscopy of human AD tissue showed that MPO colocalizes with Aβ. In the example shown in figure 2a, MPO colocalizes with Aβ in the core of a plaque and was present in cytoplasmic vesicles in two cells embedded in a halo of Aβ staining material surrounding the core (Fig. 2a , top panels), consistent with our prior study (14) . In the MPOG-APP23 model, MPO similarly colocalized with Aβ in plaques, and was detected in the walls of blood vessels traversing the plaques. (Fig. 2a , lower panels). These findings showed that MPO is deposited along with Aβ in plaques in huMPO-APP23 brain as in human AD.
MPOG is expressed in astrocytes in APP23 mouse brain. Confocal fluorescence microscopy was used to identify cells expressing human MPO in APP23 brain. Surprisingly, confocal images clearly showed MPO to be present in astrocytes, colocalizing with glial fibrillary associated protein (GFAP) (Fig.2b) . GFAP was predominantly localized to thick projections off the cell body, while punctate MPO immunostaining was present throughout the cell body and in finer ramifications. While the great majority (~95%) of MPO-positive cells clearly costained for GFAP, only a fraction (~5%) of GFAP-positive astrocytes costained for MPO, as illustrated by the GFAP-positive astrocyte projections in the background of Figure 2b which lack MPO staining. Conventional immunostaining similarly detected MPO in only a subset of GFAPpositive astrocytes (Fig. 2c , top panels). In situ hybridization confirmed the presence of huMPO mRNA in astrocytes that costained for GFAP (Fig.  2c , lower panels). We found no convincing evidence for colocalization of MPO with markers for microglia (CD68, CD11b) or neurons (NeuN), although faint signals were occasionally observed such that this possibility has not been ruled out (data not shown).
MPO is expressed in astrocytes in human AD brain. The unexpected finding of MPO in astrocytes in the MPOG-APP23 mouse model led us to investigate whether astrocytes express MPO in human AD brain tissue. Most MPO protein in AD brain is present in extracellular plaques, although earlier studies detected MPO in a few CD68-positive microglia (14) and some neurons (15) in human AD. In the present study, we examined cortical sections from human AD brain tissue for evidence of MPO in astrocytes. Immunohistological analysis detected MPO in GFAP-positive astrocytes in all of the six cases examined. In plaque-laden cortical regions, MPO was present in clustered vesicles in GFAP-positive astrocytes (Fig. 2d, top panels) . Similar clusters of MPO-positive vesicles were found evenly distributed in nearby white matter axonal tracts (Fig. 2d, lower panels) . Costaining for GFAP showed these vesicles to be present in astrocytes. As in the MPOG-APP23 mouse model, MPO was present in only a subset (< 5%) of GFAP-positive astrocytes in plaque-laden regions or associated white matter tracts. These findings demonstrate that MPO is expressed in a subset of astrocytes in human AD as in the MPOG-APP23 model.
Regional differences in MPO expression in APP23 brain. MPO deposition was not uniform in plaque-laden regions of MPOG-APP23 brain. There were high levels of MPO deposition in plaques and associated astrocytes in the frontal cortex (Fig. 3, A,B) , but relatively little MPO in hippocampal plaques (Fig. 3 , C,D, and supplemental Fig. S1 ,B), indicating that amyloid deposits are not sufficient to induce MPO expression in plaque-associated astrocytes. Conversely, in the striatum, which generally lacks amyloid deposits, MPO was strongly expressed in astrocytes (Fig. 3, E,F) , indicating amyloid deposits are not required for MPO expression at this site. These observations suggest regional differences in agents that induce MPO expression in astrocytes in response to Aβ or other byproducts of APP751 expression.
There was preferential expression of MPO in astrocytes with extensions contacting amyloid plaques (Fig. 4, F,H) , suggesting that such contact triggers MPO gene expression. In similar fashion, MPO was often detected in astrocytes associated with β-amyloid-positive neurons (Fig. 4, G) . (The APP751 transgene is expressed in neurons through the Thy-1 promoter.) Astrocytes attached to blood vessels were often MPO-positive (Fig. 4E) , possibly reflecting the high levels of cerebrovascular amyloid characteristic of the APP23 model (45) .
Consistent with this explanation, MPO-positive astrocytes were often observed encircling vessels (Fig. 4,C) with amyloid deposits (Fig. 4D) . MPO was also deposited in the walls of meningeal vessels (Fig. 4A ) in a banding pattern resembling that of Aβ (Fig. 4B) , further suggesting that Aβ provokes MPO expression and deposition in vessels. Finally, it is important to note that little to no MPO expression is observed in astrocytes in MPOG mice lacking the APP751 transgene (data not shown and supplemental figure S1A), indicating that Aβ or other byproduct is key to this aberrant MPO expression. Together, these findings suggest that Aβ, soluble or insoluble, promotes MPO gene expression in astrocytes, while other spatially restricted agents (cytokines, nuclear receptor ligands) modulate the inducibility of this gene.
Higher levels of peroxidized phosphatidylserine and phosphatidylinositol in human AD and MPOG-APP23 brain. Oxidative stress is thought to contribute to AD, and MPO is a likely source of reactive oxidants. Unsaturated phospholipids in neuronal tissue are vulnerable to free radical attack leading to lipid peroxidation. We undertook an oxidative lipidomics approach to identify and characterize peroxidized phospholipids in brain. We employed a combination of ESI-MS and fluorescence HPLC techniques to assess the amount of specific phospholipid hydroperoxides in postmortem brain samples from AD patients and controls (supplemental Table S1 ) and MPOG-APP23 transgenic mice.
By fluorescence HPLC, we established that the pattern of phospholipid oxidation displayed a non-random character in human AD brain. A robust difference between AD and control brain samples was found in the amounts of phosphatidylserine hydroperoxides (PS-OOH), followed by phosphatidylinositol hydroperoxides (PI-OOH) and 6 phosphatidylethanolamine hydroperoxides (PE-OOH) (Fig. 5a) . The contents of PS-OOH and PI-OOH in brain samples from AD patients (n=12) were 5-and 2.4-fold higher than in controls (n=13). No significant differences between AD and control samples were detected in the most abundant phospholipid, phosphatidylcholine (PC) as well as in sphingomyelin (SPH).
We used ESI-MS analysis to characterize individual molecular species of oxidizable phospholipids and their oxidation products. A single major molecular ion of PS with m/z 834 was observed using negative ionization mode (Fig. 5b  and c) . PS fragmentation yielded a strong peak with m/z 747 due to loss of the serine group. Molecular fragments with m/z 283 and 327 correspond to carboxylate anions of stearic (C 18:0 ) and docosahexaenoic (C 22:6 ) fatty acids, respectively (Fig. 5c) . ESI-MS analysis and tandem MS/MS experiments revealed that the major oxidized molecular species of PS was the one with oxidized Increased lipid peroxidation in brain tissue of MPOG-APP23. Lipid peroxides decompose to generate aldehydes such as 4-hydroxynonenal (4-HNE), a neurotoxic product that is increased in serum of AD patients (46). 4-HNE forms stable adducts with proteins, providing an assay for levels of lipid peroxidation in brain tissue. To investigate whether huMPO expression in APP23 brain promotes lipid peroxidation, we performed ELISA assays to compare the levels of 4-HNE in cortical homogenates from MPOG-APP23 (n=15), APP23 (n=8), MPOG (n=4), and wildtype C57Bl6/J mice (n=4) at ages 18 to 20 months. Findings revealed a striking increase in 4-HNE in MPOG-APP23 brain as compared to APP23 (p< 0.0001) (Fig. 6a) . There was no significant difference in HNE levels between APP23 and wildtype (WT) brain. There was also no increase in HNE in MPOG brain lacking the APP23 transgene, as compared to WT. Thus, the co-expression of huMPO and the human APP transgene led to a marked increase in 4-HNE, a marker of lipid peroxidation.
As in the analysis of human AD brain tissue in figure 5 , we also employed a combination of ESI-MS and fluorescence HPLC techniques to analyze the oxidation of phospholipids in the mouse models, comparing MPOG-APP23 to APP23 mice (n=4 per group), as well as MPO knockout and wildtype C57Bl6 mice (Fig. 6b-f) . Fluorescence HPLC assessments showed selective oxidation of PS with the highest level of PS-OOH in extracts of frontal cortices in MPOG-APP23 mice (Fig. 6b) ; the decreasing order of PS-OOH contents was found in APP23, MPOG (lacking APP23), wildtype and MPO knockout mice. Among different phospholipid classes, levels of hydroperoxides (PL-OOH) decreased in the order PS>PI>>PE; very low -not significantly different between different groups of animals -amounts of PL-OOH were detected in PC and SPH (Fig. 6b) .
As in human AD brain samples, ESI-MS and tandem MS/MS analysis revealed that PS with oxidized C 22:6 (m/z 866 (C 18:0 /C 22:6+OO )) originating from the ion at m/z 834 (C 18:0 /C 22:6 ) was the major oxidized molecular species (see the signal of C 22:6+OO with m/z 359.3) (Fig. 6 c-f) . The highest intensity of this signal was detected in MPOG/APP23 mice -a 3-fold increase compared to WT animals (Fig. 6e) . Note that additional PS oxidation products with m/z 882 and 898 containing hydroperoxy-groups (2O) plus hydroxygroups (O) and di-hydroperoxy-groups (4O), respectively, were also detectable. MS analysis of PI showed that MPO-APP23 brain contained oxidized molecular species with m/z 901 and 917 corresponding to PI-OH and PI-OOH corresponding to the dominant species containing C 18:0 /C 20:4+O and C 18:0 /C 20:4+OO . These oxidation products were formed by oxidation of the PI 7 molecular species with ion at m/z 885 (C 18:0 /C 20:4 ) (data not shown). Overall, these oxidative lipidomics findings provide the first evidence for the similarity of MPO catalyzed selective oxidation of phosphatidylserine and phosphatidylinositol in the MPOG-APP23 mouse model with that occurring in human AD brain.
MPOG-APP23 mice exhibit greater spatial memory impairment in water maze experiments.
We investigated the possibility that MPO-generated oxidants affect neuronal function in the mouse model of AD. To assess effects of MPO-oxidants on spatial memory, Morris water maze experiments were carried out comparing MPOG-APP23 (n=8), MPOA-APP23 (n=8), and APP23 mice (n=7) at 10 or 22 months of age, along with MPOG (n=8) and wildtype controls (n=9). At 10 months, there were few plaques immunostaining for Aβ or MPO (Fig.  7c) , but MPO was expressed in clusters of astrocytes in the cortex (Fig. 7c, upper panels) . This indicated that MPO expression occurs in astrocytes prior to significant amyloid plaque deposition.
The maze was carried out as detailed in Experimental Procedures. Briefly, the mice were introduced into a pool of opaque water and allowed up to 60 seconds to find a hidden escape platform. Escape latency refers to the average time required to find the platform. Over the seven day testing period, the average escape latency for the APP23 mice declined from 35 to 10 seconds (Fig. 7a) . The MPOG-APP23 mice required significantly more time to find the platform, with mean escape latency declining from 44 to 25 seconds. The MPOA-APP23 mice were not significantly different from APP23 in escape latency, while MPOG mice lacking the APP23 transgene were equivalent to wildtype C57BL6 mice in escape latency (Fig. 7A) . These findings link MPOG expression in astrocytes to spatial memory impairment in APP23 mice at 10 months of age when MPO is expressed in clusters of cortical astrocytes, yet prior to significant amyloid plaque deposition. It should be noted that no differences were seen between MPOG, MPOA, and wild type mice lacking the APP23 transgene when these mice were tested for spatial memory in the maze.
Water maze experiments were also carried out with MPOG-APP23 (n=9) and APP23 mice (n=8) at 22 months of age (Fig.7b) . Immunohistological studies revealed abundant amyloid plaques (Fig.7d , lower panels) with heavy deposition of MPO (Fig. 7d, upper panels) . At this advanced age, mean escape latency increased for both groups, but latency remained significantly greater for the MPOG-APP23 mice than APP23 controls (Fig.7b) . Thus, MPOG expression correlated with greater spatial memory impairment in 22 month old MPOG-APP23 mice with abundant amyloid plaques and dense MPO deposits.
DISCUSSION
The central findings of this study include the discovery that the human MPO -463G allele is aberrantly induced in astrocytes in the APP23 mouse model, and that MPO is aberrantly expressed in astrocytes in human AD brain. Second, MPO expression in APP23 brain promotes lipid peroxidation as shown by significant increases in 4-hydroxynonenal and oxidized anionic phospholipids, notably PS and PI. Finally, huMPO expression in the huAPP mouse model leads to greater memory deficits. These results support a model in which the induction of huMPO expression in astrocytes promotes oxidative damage, which contributes to neuronal damage and cognitive decline.
A number of hypotheses have been proposed to explain Alzheimer's disease pathogenesis including β-amyloid induced toxicity (47), free radical mediated oxidative stress (2), and inflammation (48) . It is unclear which of these are most important or more involved in the initiation of the process. Results presented here suggest that oxidative stress is an important contributing factor to the development of Alzheimer's disease. Oxidation can be manifested by an increase in lipid peroxidation, protein oxidation, or DNA and RNA oxidation (reviewed in (4)). Our findings suggest that MPO-generated oxidants contribute significantly to lipid peroxidation, which is likely to contribute to neurological dysfunction in AD. Markedly higher levels of 4-HNE were detected in brain extracts from MPOG-APP23 mice as compared to APP23 mice. In addition, mass spectrometry and fluorescence HPLC detected higher levels of oxidized anionic phospholipids PS and PI, particularly PS, in MPOG-APP23 brain, correlating with increased levels of oxidized PS-OOH and PI oxidation products in postmortem brain samples from AD patients. Strikingly, accumulation of the same individual molecular species of PS-OOH and PI-OOH was characteristic of brain samples from AD patients and MPOG-APP23 mice.
Why does MPO preferentially oxidize PS rather than other more abundant lipids? As an anionic phospholipid, phosphatidylserine confers negative charge to the sites of its location in 8 membranes. Surface charge distribution and the presence of positively charged domains in MPO have been associated with its predominant binding to negatively charged proteins and confinement to negatively charged sites (49, 50) . Recently, binding of MPO to externalized PS on the surface of apoptotic cells has been demonstrated (51) . It is tempting to speculate that aberrant expression of huMPO in AD brain and in MPOG-APP23 brain leads to preferred binding to sites in the internal membrane leaflet enriched with negatively charged PS. Oxidized PS would then be transferred to the outer membrane leaflet where it serves as an apoptotic marker to macrophages. Oxidation and externalization of PS could alter membrane dynamics in astrocytes, interfering with the ability of these glial cells to supply neurons with cholesterol and glucose, potentially contributing to neuronal dysfunction in AD. Another possibility is that extracellularly released MPO is taken up by neurons as suggested by the presence of MPO in some neurons in AD brain (15) . MPO is known to bind surface receptors on vascular endothelial cells leading to internalization (50, 52) and an increase in intracellular oxidants (53) . Internalization of MPO decreases the bioavailability of nitric oxide, inhibiting vasodilation and vascular signaling (54, 55) . MPO may similarly be internalized by neurons, leading to oxidative damage and the externalization of PS. An increase in externalized PS has been found in subjects with mild cognitive impairment and AD (5) . It should be noted that PS is present in very low amounts in mitochondria due to its effective decarboxylation (56) (57) (58) . Therefore selective and robust PS peroxidation in AD patients brain and in MPOG-APP23 mice is not likely to result from mitochondrial production of ROS thus emphasizing the role of MPO as the major source of PS oxidation.
It is interesting that MPOG-APP23 brain exhibited a significant increase in the levels of 4-hydroxynoneal (HNE), an aldehyde product of lipid peroxidation. HNE is a reactive aldehyde which covalently modifies proteins by forming adducts with cysteine, lysine, or histidine residues. HNE is also a neurotoxin which is elevated in multiple brain regions in AD patients, and in ventricular fluid and amyloid deposits, as compared to controls (59) (60) (61) (62) (63) . Levels of HNE are also increased in MCI brain as compared to normal subjects (64, 65) , suggesting this is an early event in AD. Similarly, in the MPOG-APP23 model, increases in HNE were an an early event, occurring when MPO was expressed in clusters of cortical astrocytes, prior to significant plaque deposition, yet coincident with the onset of memory deficits.
Cardiovascular disease is thought to exacerbate AD by impairing the supply of oxygen and nutrients to neuronal tissue. MPO is strongly implicated in atherosclerosis and cardiovascular disease (18, 37, 66) . In the LDLR-/-model of atherosclerosis, huMPO expression increased atherosclerosis along with increased protein oxidation in lesions (36, 37) . The mechanism by which MPO promotes atherosclerosis involves oxidation of LDL which enhances its uptake by macrophage scavenger receptors to create foam cells (67) . Also, MPO-oxidation of the apoA1 component of HDL impairs ABCA1-mediated cholesterol efflux from foam cells (66, 68, 69) . In the nervous system, apoE is the principal apoprotein component of HDL-like particles involved in transport of cholesterol from astrocytes to neurons. Astrocytes are the major producer of apoE and cholesterol in nervous tissue, and as shown here, a producer of MPO in APP23 and AD brain. ApoE4, the major genetic risk factor for AD, is preferentially oxidized by MPO, as compared to apoE3 or apoE2 (14) . These observations suggest another possible mechanism to explain the MPOdependent decline in spatial memory in MPOG-APP23 mice. Oxidation of apoE by MPO in astrocytes may impair cholesterol transport to neurons, thus inhibiting neuronal sprouting, repair, or synaptic maturation (70, 71) . In support of this concept, some genetic association studies have suggested a synergism between the MPO -463G/A polymorphism and apoE4 in AD risk (14, 24) .
It was surprising to find robust expression of huMPO in astrocytes in MPOG-APP23 brain as well as human AD tissue. In normal circumstances, MPO expression is restricted to bone marrow myeloid precursors and subsets of reactive monocyte-macrophages at inflammatory sites (36) . Prior studies have detected MPO in occasional microglia (14) and neurons in AD brain (15) , and in astrocytes in Parkinson's disease (72) . The mouse MPO gene was not expressed in APP23 brain, indicating that human-specific promoter elements are required for the induction of MPO gene expression, such as the primate-specific Alu element with SP1 and nuclear receptor binding sites. As evidence that the Alu sites are important in this regard, the MPOA transgene with the -463A base change in the Alu was completely inactive in MPOA-APP23 brain. This finding suggests that the -463G/A site is key to binding of transcription regulators that allow expression of the MPOG transgene while disallowing MPOA expression.
9 (32) (33) (34) (35) . Prior studies showed that this polymorphism results in preferred binding of the SP1 transcription factor to the -463G site (20) and estrogen receptor (ER) to the -463A site (22) . The -463G allele has been found to be higher expressing than -463A allele in human and MPOG mouse monocyte-macrophages (36) . The higher expressing GG genotype was previously found to be associated with higher levels of MPO in amyloid plaques in male AD cases as compared to GA/AA cases (14) . Several genetic association studies have linked the -463G/A polymorphism to risk for AD (14, 24, 25, 27, 73) or cognitive decline in aging patients (25) .
The absence of mouse MPO expression in APP23 brain may be due to the lack of the primate specific Alu element with multiple transcription factor binding sites. The lack of mouse MPO expression may be one reason for the lower level of neuronal cell loss in huAPP-overexpressing mouse models as compared to human AD.
The insertion of the primate-specific Alu element may allow the human MPO gene to escape regulatory mechanisms which normally inhibit MPO expression in cells other than myeloid precursors. The Alu-encoded transcription factor binding sites may permit aberrant human MPO expression in astrocytes in AD or Parkinson's disease (72) , microglia (14) or neurons in AD (15) , macrophages in atherosclerosis lesions (36) , or hepatocytes in hyperlipidemic conditions (36) . These Alu encoded sites may have conferred a selective advantage in ancient populations by allowing upregulation of MPO at sites of infection. Unfortunately, these Alu sites have a deleterious impact in present day populations with longer lifespans by allowing induction of MPO in chronic inflammatory states such as AD or atherosclerosis. The Alu-enabled induction of MPO expression in reactive cells may thus have contributed to major chronic inflammatory states afflicting modern humans.
There are at present no effective means to slow the advance of AD. Findings here raise the possibility of a novel therapeutic approach aimed at suppression of MPO gene expression or enzyme activity. As examples, statins (38) and LXR ligands (21) reduce MPO mRNA expression, potentially explaining the protection provided by these agents in AD patients or mouse models of AD (74-76).
14 FIGURE LEGENDS. Antibody to Aβ (6E10, Signet) detected cortical plaques in coronal sections of APP23 brain (e). Mouse MPO was not detected in plaques using an antibody against a mouse MPO specific peptide (c), although these antibodies did detect mouse MPO in bone marrow (BM) myeloid precursors (d). Photomontage of overlapping images (4X objective) were assembled with Adobe Photoshop (c, e). Scale bar = 1 mm in e. Sagittal brain sections from MPOG-APP23 (f, g) and MPOA-APP23 (h, i) were immunostained with antibodies against human MPO (f, h) or Aβ (g, i). Aβ antibody (6E10) detected abundant plaques in both MPOG-APP23 and MPOA-APP23 brain (g, i). MPO was present in plaques in MPOG-APP23 (f) but not MPOA-APP23 brain (h). As evidence that the MPOA transgene is functional, the antibody to human MPO (BioDesign) detected the protein in bone marrow myeloid precursors in both MPOG and MPOA mice (inset, bone marrow). F and H) . In panel G, MPO (fluorescent green) is present in an astrocyte contacting a neuron (red, NeuN) immunostained for Aβ ( (red ). The huAPP751 transgene is expressed in neurons through the neuron specific Thy-1 promoter . . In MPOG samples, the oxidized PS species were quantitatively predominant and accountable for more than 70% of these signals. In WT samples, theses signals did not contain oxidized PS species and contained only non-oxidized species C 20:0 /C 22:4 and C 22:6 /C 22:4 , respectively. In Panel e, *p<0.01 for comparison of mz 866 peak for huMPO-APP vs WT sample. 
SUPPLEMENTAL FIGURES ABERRANT EXPRESSION OF MYELOPEROXIDASE IN ASTROCYTES PROMOTES PHOSPHOLIPID OXIDATION AND MEMORY DEFICITS IN A MOUSE MODEL OF ALZHEIMER'S DISEASE
Maki, et al. Figure S1 . Western analysis of MPO in MPOG-APP23 brain.
A) Total protein from homogenates of frontal cortex from MPOG-APP23, MPOA-APP23, APP23, wildtype C57BL6, and MPOG mice were analyzed by Western blotting using polyclonal anti-MPO antibodies as detailed previously (36) . MPO heavy chain (59 kDa) was detected in the MPOG-APP23 brain extract. In the lower panel, the blot was reprobed with monoclonal antibodies to mouse β-actin. 
